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We report on fabrication of a layer-by-layer photonic crystal using highly doped silicon wafers
processed by semiconductor micromachining techniques. The crystals, built using ~100! silicon
wafers, resulted in an upper stop band edge at 100 GHz. The transmission and defect characteristics
of these structures were found to be analogous to metallic photonic crystals. We also investigated
the effect of doping concentration on the defect characteristics. The experimental results agree well
with predictions of the transfer matrix method simulations. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1339256#Photonic crystals are periodic structures that can reflect
electromagnetic ~EM! waves in all directions within a certain
frequency range. These structures can be used to control and
manipulate the behavior of EM waves.1,2 Although earlier
work concentrated on building these crystals with dielectric
materials3,4 there are certain advantages of introducing met-
als to photonic crystals.5–11
Various techniques have been reported for the fabrica-
tion of dielectric layer-by-layer photonic crystals at different
frequency regions,4,12,13 and recently at optical
frequencies.14,15 However, limitations of the standard ma-
chining techniques used to fabricate three-dimensional ~3D!
metallic photonic crystals restricted experimental demonstra-
tions and technological applications of these crystals to mi-
crowave frequencies.9,16 3D metallic structures standing on
dielectric supports operating at infrared wavelengths were
also demonstrated.17,18 However, these structures do not have
the advantage of a band gap extending to zero frequency due
to nontouching metallic layers. The fabrication of 3D metal-
lic photonic crystals at higher ~compared to microwave! fre-
quency regions with a complete metallicity gap extending to
zero frequency is still a challenge.
In this letter, we propose a method for the fabrication of
layer-by-layer photonic crystals having metallic properties
using silicon micromachining techniques. The touching lay-
ers form a continuous network, in which the long wave-
lengths cannot penetrate the conducting mesh, and the band
gap extends to zero frequency. We have previously investi-
gated the properties of such a metallic photonic crystal with
an upper band edge at 20 GHz. The method allows the fab-
rication of these structures at a frequency range extending
from 100 GHz to 10 THz.
The layer-by-layer photonic crystal was fabricated using
highly doped silicon ~100! wafers, which were 75 mm in
diameter and 400 mm thick. We predicted that, due to the
low resistivity of the Si wafers ~in the range of 0.0015–0.004
V cm!, this structure would show metallic photonic crystal
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ous potassium hydroxide ~KOH! in forming the layers of the
quasimetallic photonic crystal. In the first step of the process,
one side of the wafers was coated with a silicon nitride film
@Fig. 1~a!#, which serves as a mask during the anisotropic
etching step. Next, the nitride film was patterned by conven-
FIG. 1. ~a!–~d! Micromachining process steps. ~e! The micromachined wa-
fers can be stacked to form either fct ~left side! or st ~right side! type
photonic crystal structures.© 2001 American Institute of Physics
 Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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etching. After the silicon nitride layer is patterned @Fig.
1~b!#, in order to protect back sides of the wafers, we bond
each sample back to back with another patterned sample us-
ing black wax ~Apiezon-W! @Fig. 1~c!#. The wafers are then
dipped into an aqueous KOH solution. A typical etch per-
formed in a 25% KOH solution at a temperature of 55 °C
takes about 24 h to etch entirely through the wafers. Finally,
the wax is removed by trichloroethane ~TCA!, so that the
coupled layers bonded with wax are separated @Fig. 1~d!, left
side#. The remaining nitride film is removed by HF, and the
samples are ready to be stacked to form photonic crystals
@Fig. 1~d!, right side#. The pattern consists of 19 parallel
stripes ~each 150 mm3400 mm3 3 cm! with center-to-center
separation of 1600 mm. These stripe dimensions and the wa-
fer thickness determine the upper band edge, calculated to be
around 100 GHz. As shown in Fig. 1~e!, the wafers ~each a
single layer of the quasimetallic photonic crystal! may be
stacked to form a simple tetragonal ~st! or a face centered
tetragonal ~fct! crystals.
Once fabrication is completed, transmission properties
of the crystal are measured with a W-band ~75–120 GHz!
measurement setup. Figure 2 shows the transmission spectra
of two types of crystal structures as the number of layers is
increased. The upper edge of the band gap for st crystal is
located at 100 GHz @Fig. 2~a!#, and for fct crystal at 115 GHz
@Fig. 2~b!#. No lower band edge is detected within the mea-
surable frequency range, consistent with the theory that pre-
FIG. 2. Transmission characteristics of ~a! st and ~b! fct layer-by-layer
photonic crystals ~numbers indicate the number of layers!. Inset: Measured
~solid line! and simulated ~dotted line! transmission spectra as a function of
frequency for a four-layer st type crystal structure.Downloaded 08 May 2013 to 139.179.14.46. This article is copyrighted as indicated in the abstract.dicted a band gap extending down to zero frequencies. This
metallicity gap verifies the prediction that our crystals are
analogous to metallic photonic crystals,9 and hence can be
called quasimetallic photonic crystals. At 80 GHz, the at-
tenuation per layer is around 3.5 dB for the st structure and
5.3 dB for the fct structure. Within the metallicity gap of
both of the crystals, we observe full reflection ~100%! of the
EM waves.
We have simulated the transmission characteristics of
these structures using the well known transfer matrix method
~TMM!. 19,20 Using the TMM, the band structure of an infi-
nite periodic system can be calculated, but the main advan-
tage of this method is the calculation of transmission and
reflection properties of EM waves of various frequencies in-
cident on a finite thickness slab of PBG material. The inset in
Fig. 2~a! shows the transmission from four-layer st type of
crystal ~solid line!, which agrees well with the simulation
results ~dotted line!.
It was previously shown in other metallic layer-by-layer
photonic crystals that defect structures around this geometry
can be built by means of adding or removing rods from an
otherwise perfect crystal.9 The same idea was used to inves-
tigate the defect characteristics of these semiconductor based
photonic crystals. Figure 3~a! shows the transmission
through a nine-layer fct type of crystal, with a single rod
missing from the fifth layer of the crystal. The resonance
frequency of the defect mode is at 91.8 GHz, with a Q factor
~quality factor!, defined as the center frequency divided by
the full width at half maximum, of 35.
We then investigated a planar type of defect structure,
built around an eight-layer fct based photonic crystal. The
planar defect was obtained by separating the fourth and fifth
layers of the crystal. This resulted in a planar air gap between
the two photonic mirrors, each formed of a four layer crystal.
FIG. 3. ~a! Transmission characteristics of the nine-layer fct type of crystal
with a single rod removed defect. ~b! Transmission characteristics of eight-
layer fct type planar defect structures. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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teristics, however with higher transmission amplitudes. Fig-
ure 3~b! shows the transmission through a planar defect with
separation width L5550 mm ~solid line!. The resonance fre-
quency of the defect mode is at 90 GHz with a Q factor of
25. As the separation of the cavity was increased to L
5650 mm, the resonance frequency of the defect mode
shifted to 83 GHz ~dotted line!. These results indicate that
the defect frequency can be tuned within the band gap by
changing the width of the cavity.9
In order to understand the effect of doping concentration
on defect characteristics, we compared our experimental re-
sults with the TMM simulations ~Fig. 4!. We used the same
planar defect structure described above, with a separation
width of 800 mm. The results of the simulations for a doping
concentration of 1017 cm23, which corresponds to resistivity
of 0.09 V cm, is shown by triangles. As the doping concen-
tration is increased to 1019 cm23 ~resistivity of 0.006 V cm!,
the simulation results showed a significant increase in the Q
factor and the transmission amplitude of the defect mode
~Fig. 4, circles!. Having lower resistivity, the measured
transmission amplitude and Q factor for our samples are
higher ~Fig. 4, solid line!. The simulation results of a com-
plete metallic structure, which is shown by squares, indicate
that our results may still be improved to reach better defect
characteristics using wafers with higher doping concentra-
tions.
In conclusion, by using standard semiconductor micro-
machining techniques, we fabricated layer-by-layer quasim-
etallic photonic crystals. These crystals exhibited a metallic-
ity gap with an upper band edge around 100 GHz. The
rejection rate per layer obtained from fct type crystals ~5.3
dB! was found to be superior to the rejection rates of similar
FIG. 4. Calculated transmission spectra of a planar defect for two different
doping concentrations ~circles and triangles!, for a complete metallic struc-
ture ~squares! and the experimental result of the same defect structure ~solid
line!.Downloaded 08 May 2013 to 139.179.14.46. This article is copyrighted as indicated in the abstract.dielectric photonic crystal structures ~3.5–4 dB per layer at
midgap frequencies!. Cavities created by removing rods re-
sulted in localized defect modes at certain resonant frequen-
cies. We observed the tunability of this resonant frequency
for planar type defects. We showed that the doping concen-
tration of the wafers is an important factor in determining the
defect characteristics, and proposed that photonic crystals
fabricated with wafers having higher doping concentrations
will have higher Q factors and higher transmission ampli-
tudes.
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